Immunoglobulin E (IgE) and mast cells are believed to play important roles in allergic inflammation. However, their contributions to the pathogenesis of human asthma have not been clearly established. Significant progress has been made recently in our understanding of airway inflammation and airway hyperresponsiveness through studies of murine models of asthma and genetically engineered mice. Some of the studies have provided significant insights into the role of IgE and mast cells in the allergic airway response. In these models mice are immunized systemically with soluble protein antigens and then receive an antigen challenge through the airways. Bronchoalveolar lavage fluid from mice with allergic airway inflammation contains significant amounts of IgE. The IgE can capture the antigen presented to the airways and the immune complexes so formed can augment allergic airway response in a high-affinity IgE receptor (FcεRI)-dependent manner. Previously, there were conflicting reports regarding the role of mast cells in murine models of asthma, based on studies of mast cell-deficient mice. More recent studies have suggested that the extent to which mast cells contribute to murine models of asthma depends on the experimental conditions employed to generate the airway response. This conclusion was further supported by studies using FcεRI-deficient mice. Therefore, IgE-dependent activation of mast cells plays an important role in the development of allergic airway inflammation and airway hyperresponsiveness in mice under specific conditions. The murine models used should be of value for testing inhibitors of IgE or mast cells for the development of therapeutic agents for human asthma.
Human asthma is a chronic disease characterized by allergic airway inflammation with increased mucus production and lung epithelium remodeling, intermittent airway obstruction and airway hyperresponsiveness (AHR) (1) . The role of inflammation in the pathogenesis and disease progression of asthma has gained increased attention in recent years. In the most recent definition of asthma by the National Heart and Lung Institute and World Health Organization it was stated that "asthma is a chronic inflammatory disorder of the airways in which many cells play a role, in particular mast cells, eosinophils and T-lymphocytes". While a variety of clinical studies have led to our increased understanding of molecular and cellular mechanisms of allergic airway in-flammation, the use of murine models has been extremely beneficial in this regard. In this review, we will discuss the functions of immunoglobulin E (IgE) and mast cells in allergic airway inflammation in murine asthma models.
Mast cells: roles as effector and regulatory cells
Mast cells have long been regarded as an important cell type involved in allergic airway inflammation. These cells are derived from pluripotent CD34+ hematopoietic progenitor cells in the bone marrow. They are released into the circulation as morphologically unidentified precursors and after being recruited to different tissues they complete their differentiation under the influence of stem cell factor and other locally produced cytokines. The heterogeneity of mast cells is based on the concept that they mature and differentiate after settling into specific tissues with certain microenvironmental factors (2) . Ordinarily mast cells are distributed throughout the connective tissue, where they are often situated adjacent to blood and lymphatic vessels and beneath epithelial surfaces that are exposed to environmental antigens (2) . Mast cells are more numerously present in the airway mucosa of asthmatics compared to normal individuals, and there is a progressive mast cell degranulation from the lamina propria toward the lumen in the airways of asthmatics. Mast cells release their mediators via two different mechanisms, firstly by antigen-specific IgE antibodies that bind to mast cells via the highaffinity IgE receptor (FcεRI). These cell surface-bound IgE molecules can subsequently become cross-linked upon binding to the antigen, resulting in mast cell activation and release of a plethora of proinflammatory molecules. Secondly, mast cells can be stimulated nonimmunologically by direct triggers such as neuropeptides, basic compounds, complement components, and certain drugs, e.g., opiates and contrast media (2) .
Mast cells can release a group of preformed and newly synthesized mediators, which are heterogeneous in their potency and biological function. The spasmogenic and vasoactive mediators (histamine, leukotrienes, prostaglandins) induce immediate hypersensitivity reactions such as direct spasmogenic activity on the airway smooth muscle leading to acute bronchoconstriction, bronchial mucosa edema, and mucus secretion. Other chemical mediators (cytokines and chemokines) can contribute to acute-and late-phase inflammatory responses that promote infiltration of other leukocytes, including eosinophils, to sites of inflammation. Released and newly synthesized proteases (chymase, tryptase and carboxypeptidase A) might provoke airway remodeling (3). The fact that mast cells are activated in human asthma is supported by the presence of histamine and tryptase in bronchoalveolar lavage fluid (BALF) of patients with chronic asthma (4) .
Preformed granules, released about 5 min after the antigen contact, contain histamine, proteoglycans (heparin, chondroitin sulfate E), and neutral proteases (chymase, tryptase, carboxypeptidase A) in various compositions. Lipid-derived mediators include the metabolites of arachidonic acid by cyclooxygenase (prostaglandins, thromboxanes) and lipoxygenase (leukotrienes) which are produced about 5 to 30 min after the antigen contact. Various cytokines (IL-1, -3, -4, -5, -6, -8, -10, -13, -16, TNF-α, and TGF-ß) and chemokines (MIP-1-α, MCP-1) are synthesized and secreted by mast cells about an hour after the antigen contact. The numerous cytokines and chemokines have complex and partly redundant functions in acute-and latephase inflammatory responses.
Mast cells also play a regulatory role in the immune response. Because of their ability to secrete various mediators and cytokines, mast cells can exert influence on T cell and B cell functions. First, mast cells are a major source of cytokines (e.g., IL-4, -10 and -13) that can signal naive and memory T cells to preferentially differentiate into the Th2 subset. It has indeed been shown that mast cells can signal naive and memory T cells to preferentially differentiate into Th2 cells (5) . Second, mast cells can present antigen to T cells (6) . Third, human mast cells can directly stimulate IgE synthesis in B cells (7).
IgE and IgE-dependent mast cell activation in allergic inflammation of the airways
IgE and mast cells are part of the IgEassociated immune response. The role of IgE and IgE-dependent mast cell activation in asthma is underlined by the close correlation of increased serum IgE levels and the prevalence of asthma (8) . Asthma can also result after sensitization to multiple and various allergens. Furthermore, in clinical trials, patients treated with monoclonal anti-IgE antibody showed a decrease in symptom scores accompanied by a significant decrease or discontinuation of steroid use (9) . In mice, it has been reported that IgE-mediated activation of mast cells enhances pulmonary responsiveness to cholinergic stimulation (10) . These findings present evidence for a role of IgE-dependent mast cell activation as a trigger for allergic airway inflammation.
Murine models
In recent years, significant progress has been made in our understanding of cellular and molecular components involved in airway inflammation and AHR, especially through studies in murine models of asthma. The use of genetically engineered mice with altered expression or deletion of relevant gene products has been particularly useful. Various cellular and molecular components, such as cytokines, chemokines, cell adhesion molecules, as well as peptide and lipid inflammatory mediators, have been identified in this regard (11) (12) (13) .
In the murine models of asthma, experimental mice are generally immunized intraperitoneally with a soluble antigen, such as ovalbumin (OVA) (Figure 1) .
The application of murine models in the drug development for asthma has various advantages. Firstly, it serves preclinically for the validation of targets by testing the effectiveness of agonists/antagonists as well as genetically engineered mice. Secondly, the postclinical application can help elucidate the mechanisms of drug action and the development of improved drugs.
Role of IgE in murine models
It has been reported that in mice germinal centers are formed in the parenchyma of inflamed lungs following airway antigen challenge and these contain IgG-and IgE-producing plasma cells, shown to produce the corresponding isotypes, when isolated from the lungs and then cultured in vitro (14) . Locally produced IgE as well as circulating IgE is likely to sensitize mast cells in the airways.
In BALB/c mice immunized with OVA as antigen plus alum as adjuvant and challenged with OVA aerosol, the concentrations of eosinophils and IgE in BALF increased with the number of aerosol challenges. In contrast, with the antigen chal-lenge finished, the eosinophil concentration immediately started a steep decline over time, reaching the pre-challenge eosinophil concentration seven days later. However, the levels of total IgE and OVA-specific IgE in BALF remained elevated until 15 days after the last antigen challenge. We reasoned that IgE upon contact with OVA could form IgE-OVA immune complexes, which could potentiate the airway response. Indeed, IgE immune complexes were detected in BALF of mice sensitized with antigen systemically and then challenged with the same antigen intranasally. Furthermore, when OVA-sensitized mice were challenged with TNP-OVA-IgE or TNP-OVA, it was noted that there was a higher concentration of IL-4 accumulated in the BALF of mice exposed to the immune complex. This increased response to the immune complex was not observed in FcεRI-deficient mice. The results provide evidence that IgE is secreted locally in a murine model of asthma and can capture the antigen presented to the airways. These immune complexes are able to augment the allergic airway response in an FcεRI-dependent manner. Thus, IgE present in airway secretions may facilitate antigen-mediated allergic airway inflammation (15) .
However, there are controversial reports on the role of IgE in the murine models. There are studies supporting the importance of IgE by demonstrating that anti-IgE antibody when administered before the antigen challenge is able to inhibit eosinophil infiltration (16) . Furthermore, athymic mice that were passively sensitized with IgE and treated with IL-5 exhibited increased airway reactivity (17) . However, allergic airway inflammation and AHR can be elicited in mice in the absence of IgE (18, 19) or all classes of antibodies (20) . The conclusion drawn from these various and differing results was that IgE plays an important role in the development of airway inflammation and AHR under experimental conditions in which the eosinophil inflammation is relatively low (21) .
Mast cells can amplify airway reactivity and features of chronic inflammation in murine asthma models
As mast cell activation has been shown to be a source of induction of eosinophil infiltration as well as AHR (10, 22) , it is conceivable that mast cells play an important role in the airway response in murine models of There are studies that support the role of mast cells in these models, demonstrating that mast cell deficiency results in attenuated eosinophil airway inflammation (23, 24) . However, a number of studies opposed mast cell participation in allergic airway inflammation and AHR (25) (26) (27) (28) .
Kobayashi et al. (29) noted that W/Wv mice sensitized to OVA exhibited a clearly reduced AHR compared to normal congenic mice when challenged by OVA through the airways. However, W/Wv mice developed AHR that was comparable to normal mice when the frequency and the dose of the antigen challenge were increased. They proposed that AHR can be developed by two distinct cellular mechanisms, one being mast cell dependent and eosinophil dependent, and the other being only mast cell dependent. Hence AHR can be induced by different mechanisms and only certain protocols would enlist mechanisms that involve IgE-mediated mast cell activation. Likewise, Williams and Galli (30) noted that W/Wv mice developed significantly reduced responses when the mice were immunized with OVA in the absence of adjuvant and then challenged with OVA intranasally. In contrast, W/Wv mice that were sensitized with OVA in alum and then challenged with aerosolized OVA exhibited airway responses similar to normal mice.
In accordance with these reports, FcεRI-deficient mice exhibited reduced airway responses only under experimental conditions where immunization or antigen challenge was suboptimal. We found that FcεRI-deficient mice developed reduced airway eosinophil inflammation compared to wild-type mice, when they were sensitized with OVA in the absence of adjuvant and then challenged with OVA through the airways. OVAsensitized FcεRI-deficient mice also showed reduced airway inflammation when they were challenged with OVA intranasally, but not when they were challenged with nebulized OVA (31) . These findings support the importance of IgE-dependent mast cell activation in airway inflammation in murine models of asthma. However, the extent to which mast cells contribute to airway inflammation and AHR in mice is highly dependent on the experimental model used to generate the airway response.
In normal mice, IgE-mediated activation of mast cells enhances pulmonary responsiveness to cholinergic stimulation but the same was not achieved in mast cell-deficient mice. The deficiency can be restored when the mast cell-deficient mice are reconstituted with mast cells (10) . We found that mice immunized and challenged with OVA through the airways did not exhibit bronchoconstriction when they received a subsequent OVA provocation at a higher concentration. However, these mice developed AHR to methacholine challenge. Significantly, FcεRI-deficient mice exhibited significantly reduced AHR compared to wild-type mice under these conditions (31) . The results support the notion that IgE-dependent mast cell activation can result in AHR probably through certain mediators, which themselves are not potent enough to cause a detectable bronchial response, but will potentiate the response to methacholine challenge. The localization of mast cells in the lungs in mice is mainly in the tracheal and main bronchial submucosal areas (32) , thus the release of mast cell mediators triggered by antigen provocation and inhaled methacholine takes place at the effector sites. FcεRI-deficient mice only show the smooth muscle contraction through methacholine provocation, whereas the wild-type mice are highly sensitized and respond with a mast cell-dependent reaction, after antigen provocation plus the cholinergic stimulation of the smooth muscles.
The studies presented in this review sup-port the view that IgE and mast cells play an important role in the development of allergic airway inflammation and AHR in mice. However, it is evident that the extent to which IgE and mast cells contribute to the murine models of asthma depends on the experimental conditions employed to generate the airway response. The studies have provided insights into how IgE and mast cells may contribute to human asthma. Moreover, the models used should be of value for testing inhibitors of IgE or mast cells for development of therapeutic agents for human asthma.
